Epitaxial growth of (0001) oriented ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑x Å͔͒ 25 multilayers (MLs) with nominal thickness x = 1, 2 and 5 has been prepared on ␣-Al 2 O 3 (0001) substrate by ion-beam sputtering. The magnetic properties over a temperature range of 6 -350 K and structures probing by x-ray absorption spectroscopy (XAS) are reported. Above room-temperature ferromagnetism has been observed for x = 1 and x = 2 MLs, while superparamagnetic behavior dominates for x = 5 ML. The field-cooled magnetization-temperature M͑T͒ curves of x = 1 and x = 5 MLs can be fitted by a standard three-dimensional (3D) spin-wave and a Curie-Weiss model, respectively. For x = 2 ML, however, neither a 3D spin-wave nor a Curie-Weiss model, but a combination of the two fits the M-T curve. The XAS studies together with the magnetic measurements further reveal that x =1 sample behaves as a diluted magnetic semiconductor (DMS) ML, while x = 2 ML shows a mixed structure consisting of a minor component of DMS and a major component of CoFe clusters. Diluted magnetic semiconductors (DMSs) have attracted a lot of attention for their potential applications in the field of spin-dependent semiconductor electronics and optoelectronics, or so-called spintronics and optospintronics.
Diluted magnetic semiconductors (DMSs) have attracted a lot of attention for their potential applications in the field of spin-dependent semiconductor electronics and optoelectronics, or so-called spintronics and optospintronics.
1-3 A key work to realize spintronic devices is to develop DMSs with ferromagnetism above room temperature (RT). Transitionmetal doped ZnO films have been predicted 4, 5 as promising DMSs for implementing spintronic and optospintronic devices. Ferromagnetism with Curie temperature above RT has been reported in ZnO films doping with Co and Fe. [6] [7] [8] [9] [10] [11] [12] [13] In spite of numerous reports of RT ferromagnetism in magnetically doped ZnO films, in many cases their ferromagnetic origins remain controversial whether they are resulting from the intrinsic property of DMSs or from the magnetic clusters, or from a mixed structure of DMS and magnetic clusters.
In this letter we report detailed studies of ion-beam sputtered ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑x Å͔͒ 25 MLs with nominal thickness x = 1, 2 and 5. We focus on the magnetic properties of these MLs and their correlations with electronic states and local structures of the magnetic elements. The results show that multilayer growth method is useful to stabilize the formation of a good DMS structure for ultrathin ͑x =1͒ CoFe thickness. Although RT ferromagnetism has also been observed for x = 2 ML, a mixed magnetic phase owing to a mixed structure of DMS and magnetic clusters has been identified.
The sample growth was carried out in an ion-beam sputtering system with base pressure of about 8 ϫ 10 −8 Torr. Deposition of ZnO / CoFe multilayers (MLs) was executed in a process pressure of about 2 ϫ 10 −4 Torr with Ar ion beam acting alternatively on ZnO and Co 0.7 Fe 0.3 targets. The ZnO / CoFe MLs were deposited at RT on epitaxial grade ␣-Al 2 O 3 (0001) substrates.
The crystal structure and lattice spacing was characterized by x-ray diffraction (XRD) using Cu K␣ radiation ͑ = 1.5418 Å͒. Most of the previous studies on ZnO based films have been restricted to polycrystalline or textured samples, making the understanding of the interplay between structure and magnetism very difficult. In this work, highquality (0001) oriented ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑x Å͔͒ 25 (x = 1, 2 and 5) MLs have been established on ␣-Al 2 O 3 (0001) substrate, as evidenced by XRD -2 scans shown in Fig. 1 . Note that epitaxial growth of the (0001) oriented ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑x Å͔͒ 25 cannot maintain (thus polycrystalline appears) for MLs with x reaches about 15, below which critical thickness discontinuous CoFe layer forms in the ZnO / CoFe MLs. This is confirmed by an in situ resistance measurement of CoFe͑x Å͒ on ZnO as a function of x (not shown here). Thus, the three samples reported in this work can be considered MLs consisting of alternating continuous ZnO layer and discontinuous CoFe layer, very similar to the discontinuous multilayers reported in the system of Al 2 O 3 / CoFe. 14 The magnetic properties were characterized by a commercial superconducting quantum interference device. . This is in marked contrast to x = 5 ML which clearly shows a blocking temperature with T B = 18 K and the magnetization approaches to zero by 300 K. Nevertheless, the M͑T͒ behaviors are quite different between x = 1 and x = 2 MLs in low temperature region. As shown in Fig. 3 (b) for x = 2 ML, the FC magnetization decreases rapidly from 6 to 25 K, which is not present for x = 1 ML. The phenomenon of rapid decrease of FC magnetization in the low temperature region had been observed in Co(Fe) doped ZnO films by the other groups, [8] [9] [10] but has not been clearly explained. Indeed, the rapid decrease of FC magnetization at low temperatures ͑6-25 K͒ mirrors the existence of CoFe clusters. It is likely that many of the observed DMSs may contain considerable magnetic clusters mixed with the DMS phase, much similar to our x = 2 sample as discussed below.
The FC M͑T͒ data of ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑x Å͔͒ 25 can be fitted by different models, which sheds light on the magnetic origin in each case. The fitting results for x =1, 2 and 5 MLs are shown by the dashed curves in Fig. 3 . The FC M͑T͒ of x = 1 ML can be well fitted by a standard 3D spin-wave model 15 which leads to M͑T͒ = M 0 − 0.117 B ͑k B T /2SJd 2 ͒ 3/2 , where M 0 is the zero temperature magnetization, and d and J are the spacing and exchange interaction between magnetic ions, respectively. In contrast, the 3D spin-wave model fails to fit the low temperature M͑T͒ data for x = 2 ML unless a Curie-Weiss model, = 0 + C / ͑T − ͒, is also taken into account [ Fig. 3(b) ]. For x =5 ML, the FC magnetization follows a simple Curie-Weiss model. The fit to a 3D spin wave model suggests a clear ferromagnetic phase for x = 1 ML and a Curie-Weiss model fit indicates a predominant paramagnetic phase for x = 5 ML. For x = 2 ML, the combination of a 3D spin-wave and a Curie-Weiss model reveals a mixed magnetic phase, i.e., a ferromagnetic phase plus a paramagnetic one. For convenience, the fitting parameters of the three cases are summarized in Table I .
The distinct magnetic characteristics of x = 1, 2 and 5 MLs imply different structures. In addition, the magnetic origin can be further discussed from the fitting parameters of M͑T͒ in each case. From the M͑T͒ behavior and structural evidence by x-ray absorption spectroscopy (XAS) shown below, we confirm that a good DMS multilayer forms for x = 1 sample. In a 3D spin-wave model the zero temperature magnetization M 0 is proportional to the number of net spins in ferromagnetic state. The fact that M 0 of x = 1 ML is larger than that of x = 2 ML indicates that a large portion of CoFe atoms do not contribute to the ferromagnetism for the latter case. Very likely, a large portion of CoFe atoms form clusters and are responsible for the paramagnetic component of x = 2 ML shown in Fig. 3(b) . However, in this case the average cluster size of CoFe could be too small to generate a significant blocking temperature ͑T B Ͻ 6 K͒. Indeed, the cluster size of ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑x Å͔͒ 25 likely increases with increasing of the nominal CoFe thickness x up to about 15 Å, at which critical thickness a continuous CoFe layer can be formed in the ML, as mentioned above. Furthermore, in a Curie-Weiss model the fitting parameter C is basically proportional to the average cluster size of magnetic elements.
The fitting results show that C of x = 2 ML is much smaller than that of x = 5 ML, which explains why T B is insignificant for the former case.
To understand the correlation of structure and magnetism in details, we investigate the electronic states and local structure of the ZnO / CoFe MLs using x-ray absorption spectroscopy on Co, Fe and Zn K edges. XAS is a fingerprint of the electronic states (using near-edge XAS, NEXAS) and local geometry using extended x-ray absorption fine structure, EX-AFS) around a specific absorbing atom. The XAS experiments were carried out in the wiggler-C beamline of National Synchrotron Radiation Research Center in Taiwan. Figure 4 shows the NEXAS results of ͓ZnO͑20 Å͒ / Co 0.7 Fe 0.3 ͑x Å͔͒ 25 . The NEXAS spectrum of x = 1 ML is in marked difference from those of x = 2 and 5 MLs, particularly in pre-edge feature which is due to transition to bound state. 16 The pre-edge feature of x = 1 ML resembles much to the CoO reference, while that of x = 5 ML is close to the CoFe (500 Å film) reference. The NEXAS measurements reveal that most of the Co atoms dissolve into ZnO and substitute Zn 2+ ions for x = 1 ML, while most of the Co atoms form clusters for x = 5 ML. The pre-edge curve of x =2 ML lies in-between that of the x = 5 and x = 1 samples but is closer to the former, suggesting that most of the Co atoms form clusters and the minority of Co atoms dissolve into the ZnO matrix for x = 2 ML. The results are in consistence with the magnetic studies. Similar NEXAS results using Fe edge were obtained for ZnO / CoFe MLs. Figure 5 shows the radial distribution function (RDF), i.e., Fourier transform amplitude of EXAFS, at the Co K edge of ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑x Å͔͒ 25 (x = 1, 2 and 5) together with the Co K edge of CoFe ͑500 Å͒ and Zn K edge of ZnO͑500 Å͒ for reference. Note that the first and second major peaks at the Co K edge correspond to the nearest oxygen and Zn (or Co, Fe in the case of clustering), respectively, as viewed from a specific Co atom. For x = 1 ML, the interatomic distances of the two major peaks of the Co K edge RDF resemble those of ZnO as viewed from a specific Zn atom. This implies that in this case most of the Co atoms substitute for Zn ions in the ZnO matrix. The results support the magnetic studies that the origin of RT ferromagnetism for x = 1 ML comes from an intrinsic property of a DMS multilayer. In contrast, the RDF spectra at Co K edge for x = 2 and x = 5 MLs are similar to the CoFe reference, even though the two samples show different magnetic properties. Interestingly enough, the RDF spectrum of x = 2 ML can be well fitted by a linear combination of those of x =1͑25% ͒ and x =5͑75% ͒, as illustrated by the dashed curve in Fig. 5 . We believe this is a reasonable estimation ͑ϳ75% ͒ of the amount of CoFe atoms incorporated in clusters for x = 2 ML.
In summary, the multilayer growth technique is employed to stabilize the formation of a good DMS phase for ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑1 Å͔͒ 25 and a mixed phase of DMS and magnetic clusters for ͓ZnO͑20 Å͒ /Co 0.7 Fe 0.3 ͑2 Å͔͒ 25 . The magnetic phase of the ZnO / CoFe MLs can be clearly determined by detailed M͑T͒ studies and fitted by the models. The magnetic origins of the ZnO / CoFe MLs can be further revealed by the assistance of electronic state and local structure analyses by x-ray absorption spectroscopy. These approaches can be useful to study diluted magnetic semiconductors. 
